In vertebrates, a variety of cell types generate a primary cilium. Cilia are implicated in determination and differentiation of a wide variety of organs and during embryonic development. However, there is little information on the presence or function of primary cilia in the mammalian testis.
Introduction
Testis development can be divided into three stages: fetal, infantile/juvenile, and pubertal. During the fetal and pubertal stages, testis development comprises a series of highly regulated molecular and cellular processes and drastic morphological changes. For instance, testis cords are formed at the fetal stage, which involves localization and differentiation of fetal Sertoli cells, formation of clusters by Sertoli cells and primordial germ cells, and encapsulation of the clusters by peritubular myoid cells (for reviews, see McLaren 2000; Chen et al. 2009 ). As the cords are forming, fetal Leydig cells start to differentiate and localize to the interstitial spaces between the sex cords. The differentiated Sertoli cells and Leydig cells, together with other cell types, hormones, such as Mullerian inhibitory substance (MIS), testosterone and insulin-like 3 protein, promote masculinization of the fetal testis and establish the essential testis structure (Hughes et al. 1999) .
The infantile/juvenile stage occurs between the fetal stage and the pubertal stage. This is a stage of relative quiescence: no major morphological changes occur in Sertoli cells and germ cells. Nevertheless, in this stage, both Sertoli cells and germ cells proliferate manyfold. Also, at this stage, pituitary gonadotrophins (in particular, follicle-stimulating hormone) participate in the regulation of the cell proliferation process (Griswold et al. 1977; Orth 1984) . Ultimately, it is the number of Sertoli cells produced at this stage that determines the magnitude of production of mature spermatozoa and also the size of the testis in adulthood (for review, see Petersen and Soder 2006) .
We previously established a xenotransplantation model that recapitulates testicular morphogenesis de novo from isolated testis cells ectopically grafted into a mouse host, mimicking all three stages of testis development mentioned above (Honaramooz et al. 2007 ). In this model, a single cell suspension is isolated from neonatal pig testes and transplanted ectopically into a site underneath the back skin of immunedeficient mice. With time, these cells form testis cords and subsequently support germ cell differentiation into spermatozoa. This model provides a versatile tool in deciphering testis development and spermatogenesis by allowing manipulation of cell types integral to testis formation using molecular, cellular, genetic, and/or biochemical approaches.
Two different types of cilia have been described in mammalian cells: motile and non-motile cilia. Their basic structure is similar and both have important roles during development, tissue morphogenesis and in sustaining homeostasis. The motile cilium is present in specialized cell types where its main function is to promote movement of fluid resulting in flow and clearance. In the testis, the sperm flagellum is a motile cilium. Different from motile cilia, primary cilia lack the pair of central microtubules and dynein arms. The primary cilium is an antenna-like structure that protrudes from the cell surface into the extracellular environment. Many signaling proteins, such as platelet-derived growth factor receptor alpha, polycystins and Patched, are concentrated at the ciliary membrane (Brailov et al. 2000; Handel et al. 1999; Pazour et al. 2002; Rohatgi et al. 2007; Schneider et al. 2005; Yoder et al. 2002) . In addition, some extracellular matrix receptors are also localized to the membrane of primary cilia (McGlashan et al. 2006 (McGlashan et al. , 2008 . During embryonic development, this sensory organelle was found to be required for survival and patterning of the mouse embryo (Nonaka et al. 1998; Huangfu and Anderson 2005) . More recently, this organelle was also implicated in determination, differentiation and maturation of a wide variety of organs within the body, including the central nervous system, skeleton, heart and blood vessels, kidney, and liver (Tasouri and Tucker 2011; Willaredt et al. 2013) . During formation of these organs, primary cilia function as sensory organelles, playing a pivotal role in integrating signals derived from a number of signaling transduction pathways, such as hedgehog, wingless, fibroblast growth factor, platelet-derived growth factor, and planar cell polarity (Goetz and Anderson 2010) . At present, however, there is no clear indication whether or not primary cilia are expressed and function during testis development. Spermatogenesis is a complex process that involves interaction of many different cell types in which proliferation and differentiation must be coordinated and regulated. We hypothesized that the primary cilium, a sensory organelle expressed in a large number of vertebrate cells, is expressed in testis and plays an important role in testis organogenesis.
To address this hypothesis, we investigated primary cilia expression during the infantile/juvenile stage of testis development using the pig as a model. We identified that testicular somatic cells express primary cilia. We used the xenotransplantation animal model to explore the relationship between primary cilia and testis development. We found a reduction in primary cilium number on Sertoli cells after the second week of testis development both in situ and in de novo-formed tissue. These findings demonstrate that Sertoli cells express primary cilia in a dynamic, temporal pattern, during testis development.
Materials and methods

Preparation and cultivation of testis cells
Testis cells were obtained from testes of 6-day-old piglets using a two-step enzymatic digestion as described by Honaramooz et al. (2002) . First, seminiferous tubules were isolated by digestion of pig testes with collagenase IV (2 μg/ml) and hyaluronidase (2.5 µg/ml; Sigma). Then, individual cells were isolated by digestion of the seminiferous tubules with 2 µg/ml trypsin (Sigma) and 7 μg/ml DNase I. After isolation, the cells were used directly for xenotransplantation or cultivated on coverslips coated with poly-L-lysine in DMEM containing 10 % fetal bovine serum at 37°C for various times as indicated in the text, fixed in 4 % paraformaldehyde in PBS, and processed for immunocytochemistry. For lithium treatment, the dispersed testis cells were treated with DMEM containing 10 % fetal bovine serum and 50 mM lithium chloride as described previously (Ou et al. 2009 ).
Grafting of testis cell suspensions
The recipient animals were 6-to 8-week-old NCR Nude mice (Taconic, Germantown, NY, USA). A single cell suspension of pig testis cells was transplanted under the dorsal skin of recipient mice as described previously (Honaramooz et al. 2007) . Briefly, recipient mice were anesthetized with tribromoethanol (0.03 ml/g) and castrated. Their backs were aseptically prepared and pellets of 50 million pig testis cells were placed under the back skin of each mouse through ∼1 cm incisions. Skin incisions were closed with Michel clips and mice were allowed to recover. After a period of time as indicated in the text, mice were sacrificed by CO 2 inhalation and xenografts were collected for immunocytochemistry analysis. All animal procedures were approved by and under the oversight of the University of Calgary Animal Care and User Committee.
Tissue processing for paraffin embedding and staining Pig testis specimens from donor pig testis were fixed in Bouin's solution, embedded in paraffin, and processed for staining as described previously (Rodriguez-Sosa et al. 2012) . After embedding, the tissues were sectioned into pieces of 5 μm in thickness and processed as follows. Briefly, sections were treated with xylene, rehydrated stepwise in 90 % ethanol to water, exposed to 3 % H 2 O 2 in distilled water for 15min, and washed in PBS for 5 min. Nonspecific binding was blocked in CAS Block (Invitrogen, Carlsbad, CA, USA) for 30 min at room temperature.
Graft processing for cryosectioning and staining
For cryosectioning, the pig testis tissue or cell xenografts were fixed in 4 % paraformaldehyde in PBS, washed in water, infiltrated two times in OCT for at least 5 h each at room temperature, embedded in fresh OCT, frozen in an ethanoldry ice bath, and stored at −70°C until sectioning. The sections were washed in distilled water for 10 min, followed by treatment in 1 % Triton X100 in PBS for 15 min. Nonspecific binding was blocked in 5 % BSA in PBS for 30 min at room temperature.
Immunofluorescence microscopy Indirect immunofluorescence microscopy (IIF) was performed as described previously (Ou et al. 2002; Ou and Rattner 2000) . Cells were characterized with the antibodies listed in Table 1 and nuclear counterstaining with DAPI. Images were obtained using a Zeiss microscopy Axiovert 200 M equipped with a CCD camera and controlled with AxioVision 4.8 software.
Identification and characterization of primary cilia Testis sections were stained with an antibody against acetylated tubulin, a commonly used marker for primary cilia. We reported previously that acetylated alpha tubulins are present in spermatogonia (Luo et al. 2010 ; see also Fig. 1 , germ cells indicated by arrows). To distinguish these cytosolic microtubules from primary cilia, we used two strategies. First, we costained tissue sections with an antibody against γ-tubulin to visualize the basal body, the organelle that produces the primary cilium (Ou and Rattner 2004) . We then stained tissue sections with an antibody against adenylate cyclase III (Bishop et al. 2007 ). We had shown previously that adenylate cyclase III is present in primary cilia (Ou et al. 2009 ). To avoid overlap with acetylated alpha tubulin staining in germ cells (Luo et al. 2010) , we also labeled cilia with an antibody against ARL13B, which is a GTPase expressed in primary cilia. ARL13B deficiency is linked to Joubert syndrome, a human ciliopathy (Cantagrel et al. 2008) . Knockout of Arl13b in mice leads to impairment of Sonic hedgehog signalling and deformation of primary cilia leading to defects in neuronal tube development (Horner and Caspary 2011) .
In our previous study, we found that primary cilia respond to lithium treatment by elongation (Ou et al. 2009 ). Therefore, we tested whether primary cilia in testis can respond to lithium. We incubated a small piece of testis tissue (approximately 1 mm 3 ) in DMEM medium containing 10 % fetal bovine serum and lithium chloride. To further study this elongation, individual testicular cells were isolated and cultivated in DMEM containing 10 % fetal bovine serum in the presence or absence of 50 mM lithium.
In other cell types, serum starvation during culture has been shown to induce expression of primary cilia (Ou et al. 2009 and references therein). Dispersed pig testis cells were cultured in the absence of serum for 2 days, and compared for cilia expression to those cultivated under control conditions (DMEM with 10 % FBS). (Castrillon et al. 2000) .
Statistical analysis
Data are presented as mean ± SD (standard deviation). ANOVA followed by Tukey's multiple comparisons test was used to determine significance (Prism 6; GraphPad Software, La Jolla, CA, USA). P values less than 0.05 are considered to be significant.
Results
Functionally competent primary cilia are expressed in the developing pig testis
To explore primary cilia during testis development, we investigated the expression pattern of primary cilia in testis from pigs in the infantile/juvenile stages. Indirect immunofluorescence (IIF) microscopy revealed that the primary cilium microtubule bundles could be seen in the testis (Fig. 1 , arrowheads). They were located both in testis cords and in interstitial spaces (Fig. 1) . Acetylated tubulin antibody-stained primary cilia microtubules emerged directly from the basal body labeled with anti-γ-tubulin, not from other sites in the cytosol, as expected (Fig. 2a, b , arrowheads indicate basal bodies). The acetylated tubulin antibody-stained primary cilia are also labeled by anti-adenylate cyclase III antibody (Fig. 2c-e) . Therefore, primary cilia are indeed present in developing testicular somatic cells.
As a sensory organelle, a major function of primary cilia is to detect changes in the extracellular environment. Figure 3 shows that, after treatment with lithium, primary cilia in the testis tissue (panels a, b) and on isolated testis cells (panels c, d) elongated significantly in comparison to untreated controls. The extent of elongation was approximately 3 times between treated and untreated, comparable to other cell types tested previously (Ou et al. 2009 ). Conversely, when dispersed pig testis cells were cultured in the absence of serum for 2 days, we found a 2-fold increase in the number of cells presenting a primary cilium for cells that were serum-depleted for 2 days compared to those cultivated under control conditions (data not shown), indicating that testicular somatic cells respond to serum starvation in a manner similar to what has been reported for nontestis cells. Taken together, these results suggest that the primary cilia observed in testis are functionally competent.
Porcine Sertoli cells express primary cilia
The results presented in Fig. 1 suggested that primary cilia do not appear to be expressed in germ cells and instead appear expressed from somatic cells. To conclusively identify whether germ cells or Sertoli cells within the testis cords express primary cilia, we used IHC with cell-type specific markers.
The results shown in Fig. 4 (a-c, arrows) indicate that GATA-4 positive Sertoli cells within testis cords express primary cilia. Similar results were obtained when tissue sections were stained with the antibody against MIS (not shown).
To further verify that Sertoli cells (and not germ cells) express primary cilia, testicular cells were isolated from 6-day-old pig testes. The cells were then analyzed for expression of primary cilia (acetylated alpha tubulin) and GATA-4 ( Fig.4d-f ) and for expression of primary cilia (ARL13B positive) and the germ cell marker VASA (Fig. 4g-j) . The results demonstrate that in 6-day-old pig testis primary cilia are expressed from GATA-4 positive Sertoli cells and not from VASA-positive germ cells. 
Dynamic pattern of primary cilia formation on Sertoli cells during pig testis development
We next investigated the temporal expression pattern of primary cilia on Sertoli cells during pig testis development. To address this, we counted primary cilia in testicular cords of pig testes collected at different time points (2-8 weeks after birth). Primary cilia were expressed by Sertoli cells and other somatic cell types at all times. However, compared to testes of 2-weekold piglets, the number of primary cilia per Sertoli cell decreased 2-to 3-fold between weeks 2 and 4 (Fig. 6a) . Our results show that expression of primary cilia on Sertoli cells in developing pig testis is dynamic, suggesting a possible role of primary cilia in pig testis development.
Expression of primary cilia in de novo formed testis tissue is similar to expression in situ Our previous work showed that pig testis cells transplanted under the skin of immuno-deficient mice can re-organize, form testis cords, and support spermatogenesis (Honaramooz et al. 2007 ). Here, we used this model to explore the relationship between primary cilia expression and testis development. After transplantation, xenografts were collected every week and analyzed by IIF. After 1 week of cell grafting, primordial cord-like structures were found formed by Sertoli cells, which were labeled by anti-MIS antibody (Fig. 5a ). Many primary cilia were present both inside and outside of the cord-like structures (Fig. 5b) . At 2 weeks after cell grafting, there were still many primary cilia present both inside and outside of the cord-like structures (Fig. 5d, e) . At week 3 after cell grafting, we noted a significant reduction in numbers of primary cilia in comparison with the number of primary cilia observed in 1 and 2 week grafts (Fig. 5g, h) . These results suggest a correlation between testis cord formation and primary cilium expression in the transplanted pig testicular cells which resembles the decrease we had observed in pig testis in situ. After 4 weeks of grafting, primary cilia were found in low numbers inside and outside of the testis cords (Fig. 5j, k) . The lower numbers of primary cilia were maintained thereafter. Quantification of primary cilia Fig. 2 Primary cilia originate from basal bodies in pig testis cells and express adenylate cyclase III. a Anti-acetylated tubulin antibody was used to detect primary cilia (white; arrows point to cilia) and DAPI to stain nuclei. b Staining with antigamma tubulin antibody to visualize the basal body (green; arrowheads point to basal bodies) and anti-acetylated tubulin antibody to detect primary cilia (white; arrows). Bar 10 mm. Pig testis was stained with antiadenylate cyclase (c; arrow) and anti-acetylated tubulin (d; arrow). e An overlay of images in (c) and (d). Bar 20 µm 
Discussion
In this study, we report the first data on the expression of primary cilia during testis development using porcine testis as a model. The pig is a useful model to study testis development, with an infantile/juvenile stage of a few months and a window suitable for dissecting events that occur during testis development (Franca et al. 2000) . We show that Sertoli cells express primary cilia and that the number of primary cilia appears to undergo a significant reduction during development. This finding was observed both in sections of pig testis and in a xenotransplantation reconstitution model. Unexpectedly, while mature germ cells express a motile cilium, the sperm flagellum, we did not observe expression of primary cilia on male germ cells during the developmental stages analyzed.
Previous studies in other cell and organ systems have shown that functional primary cilia elongate in response to exposure to lithium (Ou et al. 2009 ). While the functional significance of increased cilia length in the testis remains unclear, elongation in response to exposure to lithium was used here to demonstrate that primary cilia in the testis have a similar ability to dynamically respond to environmental clues as has been described in other somatic cells. Together with the observed increase in the number of Sertoli cells expressing primary cilia after serum starvation, these results indicate that primary cilia on Sertoli cells are functionally competent and can respond to changes in environmental conditions.
It will be important to consider the implications of the observed reduction in the number of primary cilia expressed by Sertoli cells both in normal developing pig tissue and in pig testis cell-derived xenotransplants, and what this observation suggests about possible functions for primary cilia in early testis development. The decrease in primary cilia was observed in pig testes during weeks 2 to 4 after birth and in tissue formed de novo from grafted cells between 2 and 4 weeks after grafting. One possibility is that the function of primary cilia in Sertoli cells and other cell types is to provide cells with sensory function to engage in monitoring environmental changes and involve cells in cell-cell communication. Sertoli cell primary cilia could thus be involved in the coordination and timing of the process of formation of the germ cell niche. Once the testicular microenvironment is fully formed and distinct cell associations are established, there may no longer be a need for primary cilia in large numbers. Disrupting or suppressing the expression of primary cilia on Sertoli cells prior to reconstituting testis tissue from grafted cells could serve to test this hypothesis.
If primary cilia are important for formation of the testicular microenvironment, then the question is why does every Sertoli cell not express a primary cilium at a given time point? Studies from other cell types and tissues have indicated that primary cilium formation is tightly associated with certain stages of the cell cycle and state of differentiation (Rieder et al. 1979; Ho and Tucker 1989 ; for a recent review, see Irigoin and Badano 2011) . Here, we analyzed primary cilium formation in pig testis cells dispersed and cultivated in monolayer during serum starvation, a commonly-used method to promote primary cilia production in non-testis cell types (Ou et al. 2009 ). We found a 2-fold increase in primary cilium number under serum-free conditions, indicating that expression of primary cilia on testicular somatic cells is cell cycle dependent as reported for other cell types. Possibly, cells not Fig. 5 Primary cilium expression in pig testis xenotransplants decreases during development. Pig testicular cells were inoculated subcutaneously into immune-deficient mice, and grafts were collected at 1, 2, 3 and 4 weeks post-inoculation (a-c, 1 week; d-f, 2 weeks; g-i: 3 weeks and j-l: 4 weeks, respectively). Grafts were analyzed using anti-MIS antibody (a, d, g, j, MIS) to detect Sertoli cells and anti-acetylated tubulin antibody (b, e, h, k, Ac-tub) to detect primary cilia. Cell nuclei were stained with DAPI (c, f, i, l). Examples of primary cilia expressed by pig testis xenotransplants are indicated by arrows. Bar 50 µm expressing a primary cilium at the time of analysis in the models we used are thus in a stage of the cell cycle where cilia are not expressed. In this context, our results suggest that primary cilia may be involved in cell-cell communications and sensing the environment, and, after the germ cell niche has been established, these functions are no longer required and primary cilia in Sertoli cells may become largely dispensable.
De novo formation of testis tissue from individual cells is a powerful model to study and manipulate testicular morphogenesis and germ cell differentiation (see Dores et al. 2012) . We now report that pattern and timing of expression of primary cilia on testicular somatic cells faithfully replicates the in situ situation in this assay. This will allow study of ciliary function in the testis by targeted disruption or enhancement of cilium expression. It also opens the opportunity to use the testicular morphogenesis assay to elucidate pathways implied in ciliopathies with manifestations in other organ systems.
In summary, we report for the first time the existence of primary cilia in mammalian testis and that their expression is dynamic during testis development. The primary cilia expressed on testicular somatic cells appear morphologically normal and react to the environment comparable to what has been described in other cell types. Further, we characterized the cell types that display a primary cilium and identified Sertoli cells as a sole type within the testis cords whereas germ cells did not express primary cilia during postnatal testis development. Most importantly, by studying testis tissue reconstituted in cell xenografts, we found that primary cilia expression is reduced coincidentally with the de novo formation of testis cords. Also, our results show that the xenograft model faithfully recapitulates the behavior of primary cilia during development, thus validating the graft model for investigation of primary cilia biology in the testis and as a model system other cell types previously implicated in ciliopathies.
